Hydrophobic carriers can be used to improve the activity, stability and other properties of enzymes. Physical agents, like ultrasound, may also contribute to improving the dispersion and collision of the reagent molecules, decreasing the reaction time and intensifying the catalytic process. However, its effect on the enzyme activity and reaction selectivity is still not entirely understood. Here, enzyme modulation of immobilized lipases was studied under pulsed ultrasound irradiation in fatty acid ethyl ester (FAEE) synthesis for biodiesel production. Novozym 435 ® and two commercial lipases from Thermomyces lanuginosus and Rhizomucor miehei, immobilized on Octadecyl-Sepabeads were used as a biocatalyst in the transesterification reaction of vegetable oils and ethanol. The use of ultrasound associated with catalysis by the Novozym 435 increased the production of FAEE by about three times (from 8.9 to 26.4%) using soybean oil and changes were observed in the profile of the products. From the sonicated reaction, ethyl-palmitate production decreased from 23.4 to 11.7%, while the ethyl-linoleate content rose from 47.5 to 59.2%. On the other hand, the T. lanuginosus lipase was less affected by sonication with the overall production of FAEE increasing from 17.2 to 24.1%, with ethyl-palmitate and ethyl-linoleate content changing from 16.2 to 17.5% and 55.0 to 47.8%, respectively. Although the changes in the production yield are not too high, the main idea here was to show that ultrasound modulates the lipase activity as well as its respective selectivity. Thus, ultrasound, is responsible for changing the ethyl ester production, which can be applied to many other biochemical processes to improve or modulate their synthesis yield.
Introduction
Biodiesel is a mixture of fatty acid esters produced by a transesterification reaction between triacylglycerols from vegetable oil or animal fat with alcohol (Bouaid, El boulifi, Hahati, Martinez, & Aracil, 2014; Zhou, Chen, & Yan, 2015) and it has been investigated as a replacement for petrodiesel. Acid or basic homogeneous transesterifications are the most common routes in biodiesel synthesis due to their high yield, as well as their low catalyst cost, especially that of the alkaline catalyst (Schuchardt, Sercheli, & Matheus, 1998) . However, this process may follow an undesirable reaction route if any water content is present, i.e., the saponification reaction, resulting in the deactivation of the catalyst, reducing the yield and requiring further steps for product purification (Xu, Yang, Yu, & Guo, 2008) .
The transesterification of triacylglycerols catalyzed by lipases may be a method that overcomes this problem and could bring advantages over chemical catalysis (Amoah et al., 2016; Shimada et al., 1999) such as lower energy consumption and easier glycerol separation. Lipases used in this process are classified based on their regioselectivity for the position of unsaturated bonds of the triacylglycerol molecule: R1 and R3 (sn-1-3), R2 (sn-2) or nonspecific (Taher, Al-Zuhair, Al-Marzouqi, Haik, & Farid, 2011) . However, the biotransesterification needs a longer reaction time than the acid/alkaline catalysis and the main problem with this process is the high cost of the catalyst (Balat & Balat, 2010) . The immobilization of enzymes is needed to decrease the process cost and to improve the enzyme characteristics, such as stability and activity (Boros et al., 2013) , and also their capacity to be recycled (Aulakh, Prakash, & Prakash, 2013; Jiang et al., 2016) .
Triacylglycerol lipases (E.C. 3.1.1.3) show a particular mechanism of activation by a hydrophobic amino acid chain (a lid), that covers up their active sites giving it two different conformations (active and inactive) depending on the medium conditions (Ferrarezi et al., 2014; Quilles et al., 2014) . Due to the presence of the lid, the lipases have flexibility in their structure, allowing the modulation of catalytic properties by immobilization methods (Hernandez & Fernandez-Lafuente, 2011) and they are used in many biotechnology applications because of their ability to catalyze different reactions with triacylglycerol molecules, among them, hydrolysis, esterification and transesterification (Rupasinghe, 2016) . Hyperactivation can improve the yield of these processes due to the stabilization of the active enzyme on the support (Bastida et al., 1998; Fernandez-Lorente et al., 2011; Fernández-Lorente, Palomo, Cabrera, Guisán, & Fernández-Lafuente, 2007; Palomo et al., 2002) .
Sonication approaches have been used to improve the rates of many chemicals, physical and biological processes, mainly due to the resulting increase in the available catalytic surface (Fiametti et al., 2011; Yu et al., 2010) while respecting some green chemistry concepts (Rupasinghe 2016) . Ultrasound irradiation (UI) creates, expands and implodes gaseous cavities in a liquid medium, leading to a better mixture of and collision between the reagent molecules improving the reaction yield (Lobo, Singh, Pinjari, Pandit, & Shankarling, 2013; ) . Some studies have shown an improvement in lipase properties caused by acoustic cavitation in different processes (Babicz, Leite, Souza, & Antunes, 2010; Badgujar, Pai, & Bhanage, 2016; Yu et al., 2010) . The aim of this study was to evaluate the effect of UI on lipase selectivity and activity in an organic medium, as well as any increase in the reaction yield. Pulsed UI was used to intensify the catalytic process and its effect on the activity and selectivity of commercial lipases immobilized by hydrophobic adsorption when acting as biocatalysts in the transesterification of vegetable oils and ethanol was evaluated by comparing them to the lipase Novozym 435 ® (N-435).
Material and methods
Lipases from Thermomyces lanuginosus (TLL), Rhizomucor mihei (RML), and Candida antarctida fraction B (N-435), p-nitrophenyl butyrate (p-NPB), and the ester standards of gas-chromatography were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany), Coomassie protein assay reagent from Thermo Fisher Scientific Inc. (Waltham, USA), Octadecyl-Sepabeads ® (C18) from Mitsubishi Chemical Holdings Corporation (Tokyo, Japan). Vegetable oils (corn, soybean, and sunflower) were purchased in a local market.
Hydrolytic activity assay of soluble and immobilized lipase
Lipase activity was determined by the release of p-nitrophenol (pNP) from hydrolysis of 0.4 mM pNPB in 25 mM sodium phosphate buffer pH 7 at 25ºC, detected by the increase in absorbance at 348 nm (Fernandez-Lafuente, Armisén, Sabuquillo, Fernández-Lorente, & Guisán, 1998). One international unit was defined as the amount of enzyme necessary to hydrolyze one μmol of pNPB per minute (IU) under the assay conditions. The enzymatic activity was calculated using Equation 1:
where: the Abs is the absorbance from the pNP production measured at 348 nm, V t is the total reaction volume, Ɛ is the molar extinction coefficient of the product (12.854), V e is the enzyme volume, and t is the reaction time.
Total protein determination
Protein concentration was determined using a modified Bradford Method (Bradford, 1976) . A standard curve was taken by adding different amounts of BSA (bovine serum albumin) to Coomassie protein reagent, with an end volume of 1.0 mL. After 10 min. of reaction between the BSA and the reagent, the absorbance was measured at 595 nm.
Immobilization of lipases by hydrophobic adsorption
Octadecyl-Sepabeads were used to immobilize the TLL and RML on their surface hydrophobically. The enzyme and support incubation was carried out in 10 mM sodium phosphate buffer at pH 7 with a protein loading of 20 mg of protein per gram of support. After the incubation time, the amount of immobilized protein was calculated by measuring the protein concentration as described in 2.3. The derivatives were washed with acetone, filtered under vacuum to remove any trace of the buffer and stored at 4ºC. Immobilization parameters were determined by Equations 2 and 3 below:
where: the immobilization yield (IY) is calculated using the initial lipase activity in the immobilization supernatant (soluble enzyme: A os ) and the final lipase activity after the incubation time during the immobilization process (soluble enzyme not immobilized: A fs ). After the immobilization, the loading protein (LP) on the derivative (immobilized lipases) was determined by Equation 3:
where: V enz is the enzyme volume used for the immobilization process, C o is the initial concentration of available enzyme for immobilization (mg·mL -1 ), C f is the final enzyme concentration (mg·mL -1 ), and m s is the support mass used for the immobilization (g).
Thermal properties of the support and free and immobilized lipases
Octadecyl-Sepabeads support with and without immobilized lipases (~3.0 mg) and the lyophilized free enzyme (~3.0 mg) were separately scanned from 25 to 200ºC under N 2 at a rate of 1ºC·min. -1 in a hermetic stainless steel pan in a DSC 8000 differential scanning calorimeter (PerkinElmer, Waltham, USA). All the scans were done in duplicate. For the free and immobilized enzyme, the thermal transition midpoint (or melting temperature) (T m ) was determined, from which it was possible to evaluate the stabilization of the enzymatic structure by the immobilization process.
Adsorption isotherm models (total superficial area)
In this study, 100 mg of the Octadecyl-Sepabeads and the derivates containing immobilized lipases were submitted to the nitrogen adsorption process to determine the specific surface area using a Gemini VII 2390 porosimeter (Micromeritics Instrument Corporation, Norcross, USA) by the Brunauer, Emmett and Teller method (BET) (Fagerlund, 1973) . Samples were heated to 90ºC for one hour to eliminate any trace of water and submitted to the gas adsorption process using N 2 as the adsorbent gas.
FAEE production catalyzed by immobilized lipases and their reuse
FAEE were produced by an ethanolysis reaction performed with corn, soybean and sunflower oils used as the triacylglycerol source, at a fixed molar ratio of oil to alcohol (1:6) and 3 mg of biocatalyst (immobilized lipase) in 125 mL Erlenmeyer flasks. The final volume was ~45 mL. Hexane was used as the solvent, maintaining the enzymatic activity with a volume ratio of oil to solvent (2:3). This mixture was incubated for 72 h at 45ºC and 150 rpm and aliquots were taken every 24 hours. The commercial lipase Novozym 435 was used as a control reference in this experiment. At the end of each period, the mixture was vacuum filtered and the recovered biocatalyst was washed with n-hexane. The effect of the UI was evaluated during the ethanolysis reactions with sonication (40 kHz) for 15 seconds every 15 minutes for a total time of 24 hours. The immobilized lipases were evaluated for their ability to be reused in five reaction cycles of 24 hours.
FAEE production by alkaline catalysis
Homogeneous alkaline transesterification was performed in a 125 mL erlenmeyer flasks and used as a control reference for FAEE production with 100 g of each oil, 30 mL of ethanol, and 2 g of NaOH for 4 hours under agitation at 60ºC. After this reaction time, the mixture was decanted to separate the esters from the glycerol, the organic phase was washed with distilled water to remove the biocatalyst and roto-evaporation removed the excess ethanol.
Analysis of FAEE production by gas chromatography (GC)
The FAEE produced were diluted in n-hexane and 1 μL of the mixture was injected into a Clarus 680 FID gas chromatograph (PerkinElmer, Waltham, USA) coupled to a Biodiesel FAME column (30 m x 0.32 mm x 0.25 μm) (Agilent Technologies, Santa Clara, USA) using ethyl heptadecanoate (> 99%) as the internal standard. The analysis was performed as described in the literature (Torres, Fornari, Tenllado, Señoráns, & Reglero, 2008) in triplicate with the chemical reaction yield adopted as maximum production (100%) and the yield of enzymatic transesterification being calculated relative to the homogenous alkaline synthesis (Urioste, Castro, Biaggio, & Castro, 2008) .
Statistical data analysis
All the data were analyzed using the Origin Pro, version 8.0 statistical software (OriginLab Corporation, Northampton, USA). The experiments were performed in quadruplicate in three distinct assays and the results represent the average of these assays. The standard deviation (SD) is based on these replicates and it is described for each result.
Results and discussion

Immobilization parameters and physical characterization
The immobilization yield of lipases from TLL and RML on Octadecyl-Sepabeads was about 98 and 87%, respectively. This difference in the protein-loading among the derivatives is almost negligible when compared to the difference in their activities. It was expected that the hydrophobic adsorption of the lipases would lead to hyperactivation of these enzymes, but the results for RML showed a significant loss of activity, with recovered activity lower than 8%, against approximately 30% for TLL. The results suggest that lipases from R. miehei are more sensitive to possible structure distortion by the hydrophobic interaction with the support, since it showed low recovered activity after immobilization. Due to the low activity of the derivative from RML, the physical properties and all the other assays were performed based on the TLL derivatives.
A critical enzyme parameter is its melting temperature (T m ) at which the protein denaturation occurs and, consequently, its activity is lost. Enzyme immobilization might lead to its thermal stability and improve its activity. A high T m is seen for the soluble enzyme of approximately 155ºC; it is known that enzymes from mesophilic organisms, in general, present a T m between 60 and 80ºC (Ahmad & Rao, 2009 ). However, the ability of lipases to form aggregates in the aqueous medium may affect their stabilization due to the formation of dimers. These lipase dimers stabilize the enzyme in its inactive conformation and improve its thermal stability. Besides that, after the hydrophobic immobilization on C18, the enzyme stability was improved, with undetectable T m up to 200ºC ( Figure 1A) . The specific surface area is also an important parameter for an inert material to be used as a support for enzyme immobilization. Carriers with a higher superficial area can load more protein units and, consequently, the biocatalyst could show more activity. After the immobilization process, a decrease from 66.8 to 8.9 m²·g -1 in the superficial area of the carrier was observed, which is an indication of the enzyme adsorption efficiency. Because of this, gas adsorption of the C18-TLL biocatalyst was dramatically less in comparison to the support without enzymes ( Figure 1B) . Almost no gas adsorption was observed in the C18-TLL derivative, while for C18 free of enzymes, the profile in the adsorption curve was favorable to adsorption, showing a curve with a tendency to adjust to a quadratic function. Using this parameter with those from the immobilization process and the enzyme thermal stability, the biocatalyst can be successfully prepared, improving the thermal stability and activity of the enzyme, as well as having a high capacity in the protein load of the support used. 
Fatty acids ethyl ester production by enzymatic transesterification
TLL and RML derivatives and the commercial immobilized lipase (N-435) were used for ethyl ester production using different fatty acid sources, such as soybean, sunflower and corn oils. The total FAEE production was quantified by gas chromatography as the sum of the palmitic, oleic, linoleic and linolenic esters produced, being the most common esters in the biodiesel blend (Figure 2A ). Chemical transesterification using these oils was used as a reference for the complete ester production. Some reports in the literature show that lipases from R. miehei present low capacity for the transesterification of vegetable oil (Su, Zhang, Zhang, Gao, & Wei, 2007) and have lesser activity than lipases from T.lanuginosus (Mendes et al., 2011; Moreno-Perez, Filice, Guisan, & Fernandez-Lorente, 2013; Rodrigues, Mendes, Adriano, Gonçalves, & Giordano, 2008) . These reports present results very similar to those obtained here, with no detectable amounts of ethyl ester produced by C18-RML. Besides that, this result may have been intensified by adsorption onto the C-18 resin based on the relative activity of this derivative (about 8%), evidencing the inferiority of this enzyme. For that reason, the FAEE production and preference for the type of substrate were tested for the C18-TLL and N-435 enzymes, with distinct results. C18-TLL showed a maximum yield of 25% after 72 hours using soybean oil as substrate ( Figure 2B) , while the N-435 had a different preference for the substrate, with the same production yield for corn oil ( Figure 2C) . The catalytic preference for the different vegetable oils was determined by statistical analysis, showing divergent substrate preference for the lipases. The low activity of N-435 in this reaction was also a curious result and could be explained by enzyme intolerance to the n-hexane used as the solvent in the reaction; something which has not been previously reported. Besides that, lipase stability and activity are also dependent on many other factors, such as the physical condition in the reaction medium (temperature, pH, pressure), lipase source and the enzyme-support interaction (Habulin & Knez, 2001) .
Because of this, other studies need to be done to better investigate the low activity of this enzyme under the reaction conditions used here. However, this enzyme was only used as a control parameter since the biocatalyst prepared here (C18-TLL) is the focus of this work. Regarding the vegetable oil composition, all of them have high concentrations of unsaturated acids (Sundaram, Bukowski, Lie, Picklo, & Yan, 2016) but the lipase from T. lanuginosus showed a preference for soybean oil. This oil is a common substrate for lipases and one of the most used oils for biodiesel production (Moreno-Perez et al., 2013; Rodrigues et al., 2008; Ting, Huang, Giridhar, & Wu, 2008) and, for that reason, it was used for the next assays. The results showed the potential for TLL to be used in the production of biodiesel, converting triacylglycerol molecules into fatty acid ethyl esters. Another important point to be evaluated is the capacity of the biocatalyst for recycling. C18-TLL and the N-435 were submitted to reuse cycles of 24 hours in the transesterification reaction of soybean oil. C18-TLL derivatives produced higher FAEE yields than N-435 in all reuse cycles and no significant activity loss was observed during the first two reaction cycles ( Figure 2D ). However, in the third cycle, around 50% of the initial FAEE production yield remained, decreasing to 20 and 10% for the fourth and fifth cycles, respectively. Hydrophobic adsorption is an immobilization method in which the enzyme may be recovered in its soluble form due to the reversibility of the process. When the derivatives are washed, the immobilized enzymes may be desorbed from the support, making it a critical procedure for decreasing enzyme activity and stability. The use of immobilized enzymes on Octadecyl-Sepabeads for use in biocatalysis has the advantage of being an easy and inexpensive process but it is limited by the number of washes, where the immobilized enzymes can be desorbed from the support. This makes this step critical to the enzyme recycling process. Considering that both derivatives lost activity in the recycling, both the washes and the long period of the transesterification reactions (24h) may have contributed to the falls in activity and FAAE synthesis. To intensify this process, ultrasound was applied during the reaction and catalytic parameters were analyzed. 
FAEE production yield with ultrasound irradiation
UI is known as an alternative that can intensify the reaction conditions in organic media, mainly when the process uses immiscible liquids, promoting better mixing of the substrates . UI increased the FAEE production for both the enzymes studied, mainly for N-435 with an increase of almost three times when compared to the same conditions in the absence of acoustic cavitation (Table 1 ). The use of (A) ultrasound may promote extreme conditions and induces the formation of chemical species with different structures that are hardly formed under conventional conditions (Zheng et al., 2012) . These species, more easily formed by the application of UI, can find the active side of the enzyme faster and promote higher product conversion than the same process without ultrasound. Furthermore, the reaction time is decreased, making the ultrasound irradiation an interesting process to aid transesterification catalyzed by immobilized lipases. However, the C18-TLL derivative was not strongly influenced by UI, with a small improvement in the FAEE production from 17.2 to 21.1%. Since UI is a physical process, in which bubbles are made to implode and increase the collisions between the substrate molecules Lobo et al., 2013) , it may also promote the destruction of some derivative molecules, consequently, presenting no significant alteration in the reaction yield profile. Due to the immobilization method, the acoustic cavitation pulse must be carefully controlled to reduce enzyme desorption from any broken support and its inactivation by ultrasound irradiation. UI promoted physical changes in the medium without negatively affecting the properties of the N-435, showing a 188% improvement in the FAEE production yield. This demonstrates the importance of the immobilization reversibility concerning its successful application, in which the structural stability of enzymes immobilized by an irreversible method was higher than the reversible process. *FAEE production was based on the total production of esters after the reaction time. The experiments were performed in triplicate, as described in 2.6 with a standard error of less than 10%.
Influence of ultrasound irradiation on the enzymatic selectivity
Enzymatic catalysis selectivity depends mainly on the enzyme conformation and how it interacts with the substrate. The enzyme conformation is related to ionic and hydrophobic intramolecular interactions that maintain the enzymatic structure and it can be modulated by external physical and chemical factors. It was possible to change the selectivity of the lipases from C. rugosa using different pressures and temperatures, due to the disruption of the intramolecular electrostatic interaction and decreasing the enantiomeric excess (Herbst, Peper, Francisco, Ruck, & Niemeyer, 2014) .
The selectivity of lipases was studied with ultrasound irradiation, considering 100% yield as the sum of the production of the most common ethyl esters in the composition of biodiesel (Table 2) . This process shows a high FAEE yield due to the catalyst being soluble in the reaction medium, providing a large superficial surface for catalysis. The non-selectivity of the chemical catalysis can be seen and this is due to a specific yield for each FAEE produced and is related to the percentage of the acid precursors present in soybean oil. However, the results here show that the biochemical catalysis is more selective than the chemical catalysis, with different FAEE production. The main difference observed between the chemical and enzymatic catalysis was the increase in the production of ethyl palmitate (C 16:0 ) and linolenate (C 18:3 ), showing the high specificity of the enzyme to long-chain substrates. Comparing the biotransesterification using distinct lipases, the enzymes present particular selectivity. Lipases from different species may present some modification in their structure and it is crucial to determine the difference in the substrate preference (Herbst et al., 2014) . C18-TLL preferred unsaturated fatty acids, such as linoleic acid, while N-435 produced the same ethyl ester in a higher amount but with a mix of other ethyl ester components of the biodiesel. The immobilization process is also an important factor in improving the enzyme properties (Rodrigues, Ortiz, Berenguer-Murcia, Torres, & Fernández-Lafuente, 2013) . FAEE production by biotransesterification performed with ultrasound irradiation affected the enzymatic selectivity of the lipases. C18-TLL had its selectivity changed by UI, producing a mix of FAEE. Ethyl linoleate, produced in a higher amount, had its production decreased by UI while an increase in other esters was observed. N-435, on the other hand, was more selective, increasing its specificity for ethyl linoleate from 47.5 to 59.2% using ultrasound irradiation. Based on these results, ultrasound affects both enzyme structures, changing their conformation and substrate molecules, and also increasing the collisions within the mixture (Fiametti et al., 2011; Yu et al., 2010) . The C18-TLL enzyme changed the ratio between the ethyl-linoleate and ethyl-linolenate esters from almost thirteen to five. On the other hand, ethyl-linolenate production was twice as much with UI than the reaction without it. This latter change shows that acoustic cavitation is an interesting approach to focus on the production of the minority esters. The experiments were performed in triplicate with a standard error of less than 5%. Total FAEE production of the four esters was considered as 100%. *Percentual composition of the esters present in soybean oil.
Conclusion
An increase of four times in the FAEE production was achieved under UI, a feasible and easy factor to be applied to this reaction system. Alterations in the enzyme selectivity were also observed using UI, in which unsaturated fatty acids were preferred by lipases in the biotransesterification. In addition, the ultrasound irradiation was also interesting to be applied in biocatalysis systems, considering the possibility of greater selection among the esters produced. Though, some limitations of its use must be considered. However, the relevant effect on the lipase activity after sonication use is evident, highlighting the positive effects during FAEE synthesis.
